INTRODUCTION
. Although the effects of E. faecium on E. coli challenged animals have not been reported, herein the effects of E. faecium dietary supplementation on growth performance, intestinal morphology, immune responses, and cecal microflora in birds challenged with E. coli K88 are studied.
MATERIALS AND METHODS

Birds, Diets, and Experimental Design
All of the following procedures were approved by the Institutional Animal Care and Use Committee of Zhejiang University (Hangzhou, China). Two hundred eighty-eight 1-d-old male Cobb broiler chickens were purchased from a commercial hatchery (Charoen Pokphand Group, Haining, China) and randomly assigned to 4 treatments (12 birds per treatment across 6 replicates).
The treatments were as follows: 1) negative control birds fed a basal diet and not challenged (N-con); 2) positive control birds fed a basal diet and orally challenged with 10 8 cfu E. coli K88 (P-con); 3) birds fed a basal diet containing dehydrated E. faecium (10 9 cfu/ kg of feed) and then orally challenged with 10 8 cfu E. coli K88 (Ef); and 4) birds fed a basal diet containing 10 mg of the antibiotic colistine sulfate/kg of feed and then orally challenged with 10 8 cfu E. coli K88 (Anti). The basal diet (Table 1) was antibiotic-free and formulated based on NRC (1994) requirements. All treatment diets began on d 1, and oral gavages were carried out on d 7. The N-con birds were placed in one room, whereas the birds in other 3 treatments were placed in another room to prevent contamination. Two rooms were cleaned and disinfected and had similar conditions. Birds were raised in wired cages and had free access to feed and drinking water. The temperatures were adjusted to 32°C in the first week, 30°C in the second week, 28°C in the third week, and then 25°C to the end.
Bacterial Preparation and Oral Challenge
The strain of E. faecium used in this study (HJEF005) was provided by Zhejiang Huijia Biological Technology Co. Ltd., Anji, China. It was grown anaerobically in a liquid fermentation tank at 37°C for 48 h. The cells were harvested by centrifugation and were then spray dried. Dehydrated E. faecium was then added to the basal diet at 10 9 cfu/kg.
The E. coli K88 strain was originally obtained from the College of Animal Sciences, Zhejiang University, Hangzhou, China. To ensure the viability of the culture, the strain was aerobically grown in Luria Bertani broth for 24 h at 37°C with shaking (120 rpm). A growth curve was constructed for E. coli K88 to determine the appropriate incubation time required to reach the target gavage dosage of approximately 2 × 10 8 cfu/ mL. Birds were orally challenged with 10 8 cfu E. coli K88 in the back of the oral cavity by using a sterile syringe attached to a polyethylene tube at 7 d.
Growth Performance
Chickens were weighed individually on d 10, 14, 21, and 28 to determine BW and ADG.
Sample Collection
On d 10, 14, 21, and 28, 6 birds per treatment were randomly selected and euthanized by CO 2 inhalation to collect intestinal samples. Two 1-cm segments of jejunal tissue were collected to determine the morphology, and the rest of the jejunum was used to collect jejunal mucosa. Mucosal scrapings were collected using a sterile blade and the scrapings were then frozen in liquid nitrogen for further analysis. The cecum was ligated at both sides and was removed from the gastrointestinal tract.
Jejunal Morphology
Jejunal segments were fixed with 10% formaldehydephosphate buffer for 48 h. The formalin-fixed, paraffinembedded tissues were embedded into Leica EG1160, fixed upon Rotary Microtome (Leica HI1210, Leica Microsystems Ltd., Wetzlar, Germany) and cut to a thickness of 2 to 3 μm. The tissue segments were dehydrated with Leica ASP300S. Slides were dyed with hematoxylin and eosin (Leica Autostain BRXL), and cov- 
Mucosal Cytokines and IgA
Jejunal mucosa (0.5 g per sample) was weighed out, diluted into 9 mL of 0.9% salt solution and centrifuged at 6,000 × g for 15 min at 4°C. The homogenate was kept on sterile ice, and the supernatant was harvested into 1.5-mL sterile microcentrifuge tubes. The concentrations of IL-4, tumor necrosis factor-α (TNF-α), and secreted IgA (S-IgA) were measured by ELISA (LanBao Biological Technology Co. Ltd., Hangzhou, China) according to the manufacturer's instructions.
Cecal Microflora Counts
One gram of cecal contents per sample was dissolved into 99 mL of stroke-physiological saline solution and homogenized for 5 min in a stomacher. Each cecal homogenate was diluted 10-fold (i.e., 10% wt/vol) with sterile, ice-cold normal saline (pH 7.0). Diluted samples (0.1 mL) were inoculated into selective agar for further bacterial enumeration. Escherichia coli was incubated using MacConkey agar at 37°C for 24 h. Clostridium perfringens was incubated anaerobically using TSC agar at 37°C for 24 h. Lactobacillus and Bifidobacterium were incubated anaerobically using Luria Bertani and De Man, Rogosa and Sharpe agar at 37°C for 48 h. All media were obtained from Land Bridge Technology, Beijing, China.
Statistical Analysis
One-way ANOVA was performed using SPSS 16.0 software (SPSS Inc., Chicago, IL). Statistical differences among means of the treatments were compared using the least significant difference multiple test. Comparisons were considered statistically significant at P ≤ 0.05.
RESULTS
Growth Performance
The E. coli challenge decreased (P < 0.05) BW in P-con birds compared with the unchallenged birds on d 14, 21, and 28 (Table 2) . Birds fed E. faecium had greater (P < 0.05) BW than other birds on d 10, 14, and 21. The ADG was lower in P-con birds compared with N-con birds (P < 0.05) starting on d 10 and continuing to d 28. The ADG was highest in birds receiving E. faecium during d 10 to 14, d 15 to 21, and d 10 to 28 compared with all other treatment groups (P < 0.05).
Intestinal Morphology
The birds in the P-con treatment had lower (P < 0.05) jejunal villus height than birds in the N-con treatment on d 14 and 21 (Table 3) . Birds receiving E. faecium had higher (P < 0.05) jejunal villus height than did the birds in all of the other treatments on d 21 and 28.
On d 21 and 28, birds in the P-con group had higher (P < 0.05) jejunal crypt depth than N-con birds. Dietary supplementation with either E. faecium or antibiotic decreased (P < 0.05) jejunal crypt depth compared with that observed in the P-con birds on d 10, 21, and 28. Supplementation with E. faecium decreased (P < 0.05) the jejunal crypt depth compared with the crypt depth in birds on the N-con treatment from d 10 to 21.
Immune Responses
On d 14 and 21, the P-con birds had a higher (P < 0.05) concentration of IL-4 in their jejunal mucosa than did the N-con birds (Table 4) . On d 10, 14, and 21, birds fed with E. faecium had higher (P < 0.05) concentrations of IL-4 in their jejunal mucosa than did a-c Means in the same row with different superscript letters differ significantly (P < 0.05).
1 Each mean represents 6 replicates. N-con = birds fed a basal diet; P-con = birds fed a basal diet and challenged with Escherichia coli K88; Ef = birds fed a basal diet containing E. faecium and challenged with E. coli K88; Anti = birds fed a basal diet containing antibiotic colistin sulfate and challenged with E. coli K88.
the birds in the N-con group. There were no significant differences in the concentrations of IL-4 between E. faecium, antibiotic, and P-con birds during the whole experimental period. Birds in the Ef or P-con groups had higher (P < 0.05) concentrations of TNF-α in their jejunal mucosa than did the N-con birds on d 10 and 14. On d 10, birds in the Ef, P-con, or Anti groups had higher (P < 0.05) concentrations of S-IgA in jejunal mucosa than did the N-con birds. Birds in both the Ef and P-con groups had higher (P < 0.05) S-IgA in their jejunal mucosa than did the N-con birds. No significant differences in S-IgA were found among the 4 treatment groups on d 21 and 28.
Cecal Microflora
Escherichia coli challenged birds had a higher (P < 0.05) population of cecal E. coli than unchallenged birds on d 10 and 14 (Table 5) . Birds fed E. faecium had lower (P < 0.05) number of cecal E. coli than Pcon birds on d 14 and 28. Birds supplemented with an antibiotic had lower (P < 0.05) cecal E. coli than P-con birds on d 21 and 28. The addition of E. faecium significantly decreased (P < 0.05) the population of C. perfringens in the cecal contents compared with the N-con or P-con birds on d 28. No significant differences were found in the counts of cecal C. perfringens among the 4 treatment groups from d 10 to 21. Supplementation with E. faecium increased (P < 0.05) the population of cecal Lactobacillus compared with P-con birds on d 14 and 21. Supplementation with E. faecium increased (P < 0.05) the concentrations of Bifidobacterium in the cecal contents compared with P-con birds on d 21.
DISCUSSION
Probiotics, including Lactobacillus, Bifidobacterium, Enterococcus, and Pediococcus, are becoming popular worldwide due to the growth promoting effects on animals (Jin et al., 1998; Mountzouris et al., 2007; Apata, 2008; Awad et al., 2009) . One Lactobacillus genus, E. faecium, is commonly associated with mammalian gastrointestinal tracts (Li et al., 2011) . Although many studies of E. faecium in mice have been published (Scharek et al., 2005; Fleige et al., 2009 ), reports about E. faecium in poultry are still limited. 1 Each mean represents 6 replicates. N-con = birds fed a basal diet; P-con = birds fed a basal diet and challenged with Escherichia coli K88; Ef = birds fed a basal diet containing E. faecium and challenged with E. coli K88; Anti = birds fed a basal diet containing antibiotic colistin sulfate and challenged with E. coli K88. a-c Means in the same row with different superscript letters differ significantly (P < 0.05). 1 Each mean represents 6 replicates. N-con = birds fed a basal diet; P-con = birds fed a basal diet and challenged with Escherichia coli K88; Ef = birds fed a basal diet containing E. faecium and challenged with E. coli K88; Anti = birds fed a basal diet containing antibiotic colistin sulfate and challenged with E. coli K88. Samli et al. (2007) found that supplementation of E. faecium enhanced weight gain and feed conversion in broilers. Similarly, our results showed that supplementation of E. faecium significantly improved growth performance in chickens after challenge with pathogenic E. coli K88. The beneficial effects of E. faecium on broiler growth performance are in agreement with other studies using different probiotics in broiler chickens (Mountzouris et al., 2007; Samli et al., 2007; Awad et al., 2009) . Awad et al. (2008) indicated that the intestinal mucosal architecture affected intestinal function. An increasing villus height is associated with growth efficiency, primarily due to an increased surface area capable of greater absorption of available nutrients (Caspary, 1992) . In the present experiment, chickens fed with E. faecium had longer jejunal villi and lower crypts compared with the other birds on d 21 and 28. Some slight effects on jejunal villi and crypts might occur because the challenged birds and the unchallenged birds were placed in different rooms, but we agreed that the factor of room conditions could be ignored because the 2 rooms had very similar conditions. Challenge of E. coli K88 led to the villous atrophy and intestinal morphology disruption (Yi et al., 2005) , and E. faecium efficiently inhibited the adhesion of E. coli to the intestinal mucus probably through steric hindrance and altered pH (Jin et al., 2000) . Samli et al. (2007) showed that the addition of probiotic E. faecium increased villus height in broilers. Chichlowski et al. (2007) reported that a probiotic cocktail containing Lactobacilli, Bifidobacterium, Thermophilum, and E. faecium increased jejunal villus height and decreased the villus crypt depth compared with salinomycin or the control diet in chicks. Hence, our results indicate that dietary supplemention with E. faecium plays a beneficial role in the jejunal morphology of broilers.
Many microbial pathogens make initial contacts with their hosts at mucosal surfaces, especially in the alimentary tract, and S-IgA acts as the first line of defense against invading pathogens (Muir et al., 1998) . Our results showed that the challenged birds had higher concentrations of IL-4, TNF-α, and S-IgA in the jejunal mucosa compared with unchallenged birds at the starting challenge phase if the factor of the room conditions was ignored. However, small differences in the concentration of IL-4, TNF-α, and S-IgA were found among the P-con, Ef, and Anti treatment birds. The results herein indicate that dietary E. faecium had no significant effects on immune responses to the E. coli K88 challenge. Wold (2001) reported that the intake of probiotics enhanced production of proinflammatory cytokines such as IL-1, TNF-α, and IL-6. Benyacoub et al. (2003) reported that the E. faecium SF68 elicited protective immune responses against various infections at mucosal and systemic levels in young dogs. However, research showed that some gram-positive, lactic acidproducing bacteria had no immune-modulatory effect on the mucosal and systemic immune system (Perdigón et al., 2003) . Scharek et al. (2005) showed that supplementation with a probiotic strain of E. faecium had no obvious immune-stimulatory effect on sows and piglets, which further indicated that E. faecium may lack immune-stimulating properties. Enterococcus faeciuminduced immune stimulation in broilers is still under investigation, and many factors, including dosage and administration, may affect potential immune modulation. Therefore, further studies may be needed to conclusively determine any potential immune-stimulation properties of E. faecium in poultry. a-c Each bar represents mean for 6 birds per treatment ± SE. Within the same day, bars with different letters differ significantly (P < 0.05). 1 Bacterial number is expressed as log 10 cfu per gram of wet digesta. Each mean represents 6 replicates. N-con = birds fed a basal diet; P-con = birds fed a basal diet and challenged with E. coli K88; Ef = birds fed a basal diet containing E. faecium and challenged with E. coli K88; Anti = birds fed a basal diet containing antibiotic colistin sulfate and challenged with E. coli K88.
Escherichia coli K88 not only adheres to intestinal epithelial cells, but also releases enterotoxins that cause diarrhea in piglets (Gaastra and de Graaf, 1982) . The data herein show that feeding E. faecium or adding an in-feed antibiotic decreased concentrations of E. coli. Lewenstein et al. (1979) found that E. faecium (strain NCIMB10415; SF68) had inhibitory effects on important enteropathogens, including enterotoxigenic E. coli, Salmonellae, Shigellae, and Clostridia. Levkut et al. (2009 Levkut et al. ( , 2012 reported that the E. faecium EF55 reduced the cecal amount of Salmonellae in the broilers challenged with Salmonellae. Likewise, other groups have shown that probiotics, including Lactobacillus acidophilus and E. faecium, reduced concentrations of Campylobacter jejuni in chicks (Morishita et al., 1997; Willis and Reid, 2008; Ghareeb et al., 2012) . Our results also showed that the E. faecium-supplemented diet increased the concentrations of cecal Lactobacillus on d 14 and 21 and cecal Bifidobacteria on d 21 in the challenged broilers. Vahjen et al. (2002) demonstrated similar results showing that high doses of probiotic E. faecium stimulated other lactic acid bacteria in the small intestine, especially Lactobacilli in turkeys. Samli et al. (2007) found that supplementing a broiler starter diet with the probiotic E. faecium NCIMB 10415 increased the lactic acid bacteria colonization in the ileal content of chicks.
In conclusion, supplementation with E. faecium improved growth performance, intestinal morphology, and microbial structure in E. coli K88 challenged broilers. Although the results also show that dietary E. faecium has no significant effects on immune responses in E. coli K88 challenged broiler chickens, it is clear that including E. faecium in poultry diets has the potential for leading to healthier birds and increasing feed efficiency.
